Introduction
============

The management of spasticity plays an important role for children who have suffered damage to the central nervous system (CNS) early in life. Various conditions and pathophysiologies contribute to the development of spasticity, which greatly impacts the daily life of patients and requires family support.^[@B1]^ Spasticity causes a negative cycle of pain, which in turn worsens the spasticity. The treatment of spasticity can bring great benefits to children, since spasticity is a secondary pathology based on an irreversibly damaged CNS.^[@B2]--[@B4]^

In Japan, the treatment of spasticity has shown dynamic changes during the last 10 years. Spasticity itself had long been regarded as an incurable condition, and only neuro-rehabilitation and orthopedic surgery were performed for the secondary motor disability caused by spasticity. The introduction of functional posterior rhizotomy (FPR) in 1996, intrathecal baclofen (ITB) infusion treatment for children in 2007, and botulinum toxin (BTX) injection for leg spasticity in 2010 helped to bring about global standards for the treatment of spasticity.^[@B5]--[@B7]^ On the other hand, there seems to be some confusion regarding which treatment should be selected or how to combine these treatments.^[@B8]--[@B11]^

In this review, we describe the surgical procedure of FPR and implantation of an ITB pump and discuss the comprehensive management of spasticity in childhood.

FPR
===

FPR is a surgery performed to reduce spasticity, predominantly for children with spastic cerebral palsy. The history of FPR for the treatment of spasticity dates to the early 20th century, when a German neurologist first applied it to reduce hypertonia.^[@B12]^ FPR in its modern form, comprising the cutting of rootlets under intraoperative neurophysiological monitoring, was first introduced to Japan in 1996.^[@B13]^

The surgical procedure for FPR is divided into two stages. The original surgical procedure in the modern era was advocated by Fasano, who carried out lesioning at the level of the conus medullaris^[@B14],[@B15]^ ([Fig. 1](#F1){ref-type="fig"}). Park et al. built on Fasano's procedure with more sophistication using intraoperative ultrasonography.^[@B16],[@B17]^ Peacock et al. proposed performing the surgery at the cauda equina in the 1980s.^[@B18],[@B19]^ A shift of the surgical field made the procedure safer and more reliable, since identification of the level of each root became more precise. The standard Peacock's procedure consists of L1--L5 laminotomy and laminectomy below S1, down to the caudal end of the dural sac. If the spasticity is predominantly localized in the ankle joint, the standard Peacock's procedure is modified to shorten the skin incision.^[@B20]^ Namely, in this limited procedure, the skin is opened from the L3 to L5 laminae and below. We adopted Peacock's procedure, because precise localization of the nerve root and precise intraoperative neurophysiology were regarded to be essential for functional surgery to obtain a better surgical outcome.^[@B5]^

I.. Goal of surgery
-------------------

It is essential to share the goal(s) of surgery with the family before surgery.^[@B3],[@B21]^ In general, the goal of surgery for severely disabled children with spasticity is to relieve pain, make daily support easier, and decrease the physical and psychological burden on the family.^[@B22]^ For children who can walk with or without support, the goal of surgery is improved motor function and a better quality of joint motion.

It should be kept in mind that FPR may decrease spasticity, but it does not necessarily lead to improved motor function. In order to achieve motor development, multiple factors, such as orthopedic complications, the intelligence of the child, the child's age, and the intensity of physical exercise can all affect the outcome. A reduction of spasticity is the first step to reach the goal of surgery.^[@B5]^

II.. Surgical indications
-------------------------

Children with spastic para- or quadriparesis are candidates for FPR.^[@B3],[@B5],[@B21]^ Any level of spasticity \[Gross Motor Function Classification Scale (GMFCS) level 1 to 5\] can be treated by FPR. The lower limit of age is 30 months, and there is no definite upper limit of age, but an age younger than 10 years is considered to be more favorable for surgery. Associated dystonia in highly disabled children can be managed by FPR.^[@B22]^ However, if the dystonia is severe and in an advanced stage, ITB therapy should be selected.^[@B23]^ Patients with athetotic cerebral palsy are excluded from FPR, because reduced spasticity can aggravate involuntary movements due to the athetosis. Older children who can walk need careful evaluation to determine whether FPR is indicated, because a reduction of the spasticity may lead to a deterioration of the motor function.^[@B24]^

Preoperative Evaluation
=======================

Precise functional and surgical evaluations are required before surgery.

1.. Functional evaluation
-------------------------

  ---------------------------- ---------------------------------------------------------------
  Functional classification:   GMFCS^[@B25]^
  Motor function:              Gross Motor Function Measurement (GMFM)^[@B26]^
  ADL evaluation:              WeeFIM (Functional Independence Measure for Children)^[@B27]^
  Degree of spasticity:        (modified) Ashworth scale^[@B28],[@B29]^
  ---------------------------- ---------------------------------------------------------------

2.. Surgical evaluation
-----------------------

Computed tomography (CT) to confirm the ossification of the lumbo-sacral laminae. Physiological spina bifida, developmental process common for young children, can be confirmed.

Magnetic resonance imaging (MRI) can predict the adhesion of the cauda equina, which makes surgery difficult because it is tough to isolate each spinal nerve root. The adhesion tends to be present most often in severely disabled children who suffered intracranial hemorrhage during the early neonatal period.^[@B6]^

3.. Others
----------

We also recommend performing a preoperative neurophysiological evaluation (evoked potentials, F waves, H waves), and an evaluation of the urinary function is also recommended.

Surgical Procedures
===================

As indicated above, the standard surgical procedure for FPR that we have adopted is the Peacock's procedure.^[@B18],[@B19]^ We describe it briefly below^[@B5]^:

1.. Preparation
---------------

A short-acting muscle relaxant is used during intubation. During the surgery, anesthesia is maintained by total intravenous anesthesia (TIVA) so that the anesthetic agents do not disturb the intraoperative neurophysiology. Following the induction of anesthesia, the patient is placed in the prone position with the lumbo-sacral region extended maximally.

2.. Skin incision---dural opening
---------------------------------

The skin incision is made from the Th12 spinous process to S3. The L1--S2 laminae are exposed in a subperiosteal fashion. The L1--L5 osteoplastic laminotomy is then carried out. In cases being treated with a limited procedure, the laminotomy is carried out from L3 to L5.^[@B20]^ The lamina flap is removed or inverted to the rostral side, and an S1--S2 laminectomy is added. Hemostasis of the epidural space and the bone edge is performed before dural opening ([Fig. 1](#F1){ref-type="fig"}).

3.. Intradural procedure
------------------------

The dura is opened in the epiarachnoid space. This helps to prevent the nerve root from coming out of the dural opening. The dorsal arachnoid membrane is cut open. The L2--S3 (S3 contains the S3--S5 roots) roots are dissected from others. It should be noted that the arachnoid membrane is thicker at the root exit zone, and sharp dissection is often required. The posterior root is separated from the anterior one at the level from L2 to S2. The S3--S5 roots were left as a bundle ([Figs. 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}).

4.. Intraoperative neurophysiology
----------------------------------

*Pudendal/anal mapping*^[@B30],[@B31]^: The intraoperative neurophysiological session starts after the root separation. The pudendal/anal mapping is performed first. Each posterior root from S1 to S3(--S5) is mapped for sensory action potentials by a hand-held bipolar recording electrode while the pudendal/anal nerve is stimulated peripherally. The highest pudendal action potential is usually recorded from the S2 posterior root followed by the S3(--S5) root. The parameters for the pudendal/anal mapping are shown in [Fig. 4](#F4){ref-type="fig"}.

*Posterior root/rootlet stimulation:* The range of lesioning is determined according to the findings of pudendal/anal mapping. The spinal root involving the pudendal afferent fiber is excluded from lesioning. Usually, the L2--S1 posterior roots are tested for FPR. Each root is held by a pair of dissector electrodes. Electrical stimulation of 10 Hz is delivered for 1 second. The muscle contraction is recorded by electromyogram (EMG), as well as reported by palpitation by a physical therapist. When the muscle response is judged to be highly abnormal, the root is further divided into three to six rootlets. The same electrical stimulation is delivered to each rootlet, and the one showing highly abnormal muscle contraction is cut after coagulation. The parameters for the stimulation are shown in [Fig. 5](#F5){ref-type="fig"}.

*Decision-making about cutting the rootlet(s)*: The criteria used for judging the abnormal muscle response are multifactorial. Two major principles are used. The first is the extent of muscle contraction.^[@B3],[@B15],[@B32]--[@B34]^ When muscle contraction outside the segmental innervation of the stimulated nerve root/rootlet is present, it is judged to be abnormal. Another criterion measures the loss of central inhibition to judge the abnormality.^[@B35],[@B36]^ When the EMG amplitude of the muscle contraction shows no reduction during the 10 Hz stimulation or show increased contraction, it is judged to be abnormal.

Special criteria should be considered prior to reach final decision regarding whether the rootlet should be cut or not,^[@B3],[@B33],[@B37]^ as follows: No more than three successive segments are cut 100%. The third segment can be cut up to 50% to prevent sensory loss.Total cutting of the S1 posterior root in ambulatory children should be avoided. The maximum cutting rate of S1 in these children should be less than 80%.It is recommended that the L3 and L4 roots be preserved more than 50% for ambulatory children to prevent overstretching of the knee joint.If the patient is an older ambulatory child, the root cutting should be more restricted than that in young children.

Detailed rootlet cuttings of representative cases are shown in [Fig. 6](#F6){ref-type="fig"}.

*S1 with pudendal action potentials:* Special attention is necessary if the S1 posterior root shows relatively high pudendal afferent action potential.^[@B6]^ Because electrical stimulation of the S1 posterior root often evokes highly abnormal muscle contraction from the gastrocnemius and tibialis anterior muscles, the S1 cutting rate influences the postoperative spasticity of the ankle joint. When the S1 shows a relatively high pudendal potential, the pudendal mapping is repeated for each rootlet, in addition to standard rootlet stimulation. The rootlet that shows a relatively high pudendal action potential is preserved regardless of the results of the electrical stimulation. A representative case is described in [Fig. 7](#F7){ref-type="fig"}.

*Closure and postoperative management:* Finally, immaculate hemostasis is accomplished, and the dura is closed to ensure that it is water-tight. The muscle is closed in two layers, and the fascia is approximated using a "figure of eight" procedure. The skin is closed layer-by-layer.

Postoperatively, the patient is placed flat in the supine position. The patient is kept intubated overnight with respiratory assistance to prevent respiratory complications and for postoperative pain control. Bedside rehabilitation starts 4 days after surgery, and the patient goes to the rehabilitation room for exercise beginning 1 week after surgery.

Surgical outcomes
-----------------

The efficacy of FPR was reported in the late 1990s in three consecutive randomized controlled trials.^[@B38]--[@B40]^ One study demonstrated the efficacy of FPR regarding the reduction of spasticity and improvement of motor function.^[@B41]^ Steinbok analyzed the surgical outcomes of FPR from the data collected from 63 papers published before 2001.^[@B42]^ The expected functional outcome was classified into three groups in that paper: High degree of certaintyReduction of spasticity in the lower extremities (LEs)Increased range of motion of the LEs without decreased muscle strengthImproved GMFM scoreModerate degree of certaintyEfficacy of surgery for more than 5 yearsImproved gaitImproved ADLFunctional improvement of the upper extremities (UEs)Low degree of certaintyDecreased number of orthopedic surgeriesFunctional improvement of recognition

He added that the influence of the dislocation of the hip joint was unclear, and that medico-economic issues should be considered in the future.

Another paper analyzed the above-mentioned three randomized controlled trials and summarized the efficacy of FPR as follows^[@B41]^: When FPR with intensive physical therapy was compared to intensive physical therapy alone, the former showed better functional improvement and was more effective to reduce spasticity.FPR can improve the motor function, but the degree of improvement did not match that of the reduction of spasticity.

It is important to understand that a reduction of spasticity does not necessarily correlate with improved motor function. In other words, the functional disturbance in children with cerebral palsy reflects not only spasticity, but also other complex factors, such as mental development, associated joint deformation, and the extent of original brain damage.

The incidence of neurological complications following FPR is generally low. Temporary sensory loss and urinary dysfunction can develop around 2% of cases, but permanent disability is quite rare.^[@B43],[@B44]^ Respiratory and wound complications occur more frequently, in about 3--5% of cases, and postoperative management for preventing general complications is important.

It has been reported that a long-lasting effect of FPR can be expected when routine physical therapy and appropriate orthopedic surgery are added in the follow-up.^[@B5],[@B45]--[@B51]^ Functional improvement of the gait after FPR, the effects of FPR for dislocated hip joints, and the "remote effect" for fine movement of the UEs have also been reported.^[@B52]--[@B55]^ Mechanism of the "remote effect" has been attributed for a decreased conduction of the primitive spinal reflex circuit such as the propriospinal reflex to the UEs. A long-term follow-up of more than 20 years confirmed that there was no functional deterioration in most of the patients who underwent FPR.^[@B56]^ It should be noted that, in general, papers from neurosurgical journals conclude that there is a favorable outcome for FPR, while those from pediatric and orthopedic journals tend to take a more critical standpoint.^[@B24],[@B57],[@B58]^

We performed 181 FPRs from March 1996 to August 2014. The annual number of surgeries reflects the history of FPR in Japan ([Fig. 8](#F8){ref-type="fig"}). At the beginning, there was strong opposition from orthopedic surgeons, who had been the main medical caregivers for children with spastic cerebral palsy.^[@B5]^ Following the introduction of the BTX therapy for childhood spasticity, the number of FPR rapidly decreased, then gradually began increasing again. It seems that advantages and limitations of each treatment have been learnt and the role of FPR was re-evaluated by physicians who treated spastic children.

The age of the patients ranged from 2 years to 19 years (average: 5 years old, median: 4 years old). Thirty-six (20%) patients were able to walk with or without a device (GMFCS level 1--2), 57 (31%) were able to stand with assistance (GMFCS level 3), and 88 (49%) were bedridden with full support (GMFCS level 4--5) prior to surgery. The outcome of FPR in our series has been published^[@B5]^ ([Fig. 9](#F9){ref-type="fig"}). In brief, we confirmed that there was an immediate reduction of spasticity, regardless of the preoperative condition, and there was improved motor function, as evaluated by GMFM, in ambulatory children. Children with severe disabilities showed no direct change in the GMFM, but the decreased family burden and relief from spastic pain were highly appreciated by the families and daily caregivers.^[@B6]^

From our view point, FPR is associated with the following advantages: It provides a more direct approach to spasticity, and a long-lasting effect can be expected after a single surgery.It is useful to reduce spasticity in the LEs, and a remote effect on the UEs can be expected.There is no need to worry about side effects or medical tolerance, which are observed for other medical treatments. This can be counted as another advantage of FPR from the medico-economic standpoint.The motor organs, such as muscles and tendons, are kept intact, while reducing the spasticity.

On the other hand, the procedure is irreversible and it should be emphasized that hypotonia caused by overcutting of the root/rootlet must be avoided. Minimal cutting of the root/rootlet while providing a maximal reduction of spasticity is the ideal concept of FPR.

ITB Infusion Treatment
======================

ITB infusion treatment is a relatively new therapy introduced to control spasticity in Japan.^[@B7],[@B59]--[@B61]^ Since the introduction of ITB for adults in 2006, followed by pediatric use in 2007, the total number of ITB pump implantations has reached more than 1,100. However, only a limited number (∼130) of pediatric patients had received the benefit of ITB treatment (11% of all ITB implantations) by September 2014.

The guidelines for rehabilitation in children with cerebral palsy published by the Japanese Association of Rehabilitation Medicine recommended ITB infusion treatment for children with severe spasticity. On the other hand, it mentioned that its use for children with dystonia can be considered, but there is insufficient evidence of its effectiveness in such cases.

We consider that ITB treatment is indicated for severely disabled children with spasticity, regardless of the background pathology. Currently, children with dystonic posture tend to be selected for ITB infusion treatment as the initial surgery.^([@B9]--[@B11],[@B62]--[@B65]^ The child's age does not limit the indication, but a body weight more than 15 kg is preferred for safe implantation.^[@B66],[@B67]^ Children who are considered to be candidates for ITB infusion treatment undergo a test injection of baclofen prior to surgery. When the test injection shows the efficacy of baclofen in terms of reducing spasticity, and the family agrees to pump implantation, then the surgery is scheduled.

Surgical Procedure for ITB Pump Implantation
============================================

The details of the standard surgical procedure are shown in [Figs. 10](#F10){ref-type="fig"} and [11](#F11){ref-type="fig"}.^[@B68]^ In brief, the procedure includes the following steps: The child is placed in the lateral position, and a fluoroscope is prepared for intraoperative use. The ITB pump should be placed in the right abdominal wall, because affected children often need a gastrostomy or already have one on the left side.A midline skin incision is made on the lumbar region, and a Toffy needle is inserted intrathecally from the paramedian region. We recommend inserting a 22 gauge needle beforehand to confirm the direction of the lumbar puncture.In cases where the patient has severe scoliosis or a spinal deformity, direct exposure of the dura by partial laminectomy may be required ([Fig. 12](#F12){ref-type="fig"}).Once the needle is placed intrathecally, the spinal catheter is inserted under fluoroscopic guidance. The level of the catheter tip should be decided before surgery based on the distribution of the spasticity of the patient.^[@B69]^A linear or curved skin incision is made on the right upper abdomen. The fascia of the abdominal rectal and oblique muscles is cut, and the space between the fascia and muscle is dissected.^[@B70]^ Placing the skin and fascia incisions at different levels is recommended to prevent infections and other complications ([Fig. 13](#F13){ref-type="fig"}).A passer is inserted from the subfascial layer from the back to the abdominal side.^[@B71]^ The abdominal catheter is then passed and connected with the spinal catheter. The connector is set in the subfascial space, and thus needs no fixation. Care should be taken to avoid any bending or kinking of the catheter.The natural flow of CSF from the catheter should be confirmed at every step of the surgery.Finally, the abdominal catheter is connected to the ITB pump, which is then placed and fixed in the subfascial space in the abdominal wall.In cases where the child is very small in size, dissection under the umbilicus may be necessary to secure sufficient space to place the ITB pump.The insertion point of the spinal catheter is covered with pedicled soft tissue. Both the spinal and abdominal wounds are closed layer-by-layer.

Management of Baclofen Dosage
=============================

ITB infusion treatment starts with the same amount of baclofen dosage at the test injection. The amount of daily baclofen dosage is decided based on the degree of spasticity. According to the instruction for ITB in children, the amount of baclofen can be changed up to 15% or down to 20% of the original one every day at the time of introduction soon after the surgery. The maximum daily dosage is 400 μg. During the maintenance period more than 2 months after the surgery, the amount of baclofen can be increased or decreased up to 20% of the previous one and the maximum daily dosage is the same 400 μg in pediatric cases.

Results of ITB Infusion Treatment in Japan
==========================================

A favorable outcome for controlling spasticity after the introduction of ITB infusion treatment has been reported repeatedly.^[@B62],[@B72],[@B73]^ In Japan, a nationwide analysis of the initial outcome of ITB infusion treatment for children was conducted in 2012.^[@B7]^ Among 71 children who were tested for ITB implantation, 62 (87%) showed effectiveness in terms of reducing the spasticity. An ITB pump was implanted in 43 children. Because most of the patients had undergone ITB pump implantation recently, only 35 had been followed for more than a year. The spasticity measured by the Ashworth scale demonstrated a satisfactory reduction of spasticity in the UEs and LEs, with statistical significance. At the most recent follow-up, the Ashworth scale of the UEs had decreased from 3.30 ± 1.02 (before surgery) to 2.04 ± 0.95, and that of LEs from 3.04 ± 0.99 to 1.91 ± 078 ([Fig. 14](#F14){ref-type="fig"}).

Side effects such as upper respiratory infections, hypertonia, and liver dysfunction, observed in the first year after the ITB infusion treatment, were reported as 19 incidents in 12 children. The incidence of side effects was approximately the same as that in adults. Considering the fact that most children who underwent ITB pump implantation in Japan were more severely disabled than those in the previous reports, these findings indicate that ITB infusion treatment can be safely performed for the pediatric population.

Surgery-related complications (meningitis, CSF leakage, wound complications) occurred in fewer than 10% of cases, and the frequency was much lower than those reported previously.^[@B7],[@B66],[@B67],[@B72],[@B74],[@B75]^ In general, an average Ashworth score \> 3, younger age (less than 8--10 years old) and the presence of a gastrostomy are regarded as risk factors in terms of surgical complications associated with ITB pump implantation.^[@B67],[@B66],[@B74]^ Improved surgical techniques, such as subfascial placement of both the ITB pump and catheter can play a critical role to avoid surgical complications due to ITB pump implantation.^[@B70],[@B71]^ Because ITB for the standard treatment of spasticity has only been performed for about 20 years at most, new types of complications, such as the development of scoliosis, may emerge in the future.^[@B76]^ Careful long-term follow-up with consideration of a cost/benefit analysis of the treatment is needed prior to the further dissemination of the ITB infusion treatment.^[@B77]^

A Comprehensive Approach to Childhood Spasticity
================================================

A paradigm shift is currently ongoing in the field of treatment for childhood spasticity in Japan.^[@B5],[@B6]^ With the advent and introduction of FPR, ITB infusion treatment and local BTX injection, the role of each treatment modality should be understood more clearly. The first step of the treatment is to reduce spasticity. The second step is to improve the deteriorated motor function ([Fig. 15](#F15){ref-type="fig"}).

FPR, ITB infusion treatment, and BTX injection can all be considered for the first step of treatment ([Table 1](#T1){ref-type="table"}). FPR is most effective for controlling spasticity in children with cerebral palsy, regardless of the disability. Mild to moderately disabled children (GMFCS level 1--3) are most favorable candidates for FPR.^[@B10],[@B11]^ A long-lasting reduction of spasticity can be expected, but since the procedure cuts the nerve root/rootlet, a high level of skills and experience is required for surgery. ITB infusion treatment requires the implantation of an ITB pump and catheter, and the avoidance of complications is important both during surgery and during the follow-up period. Because the dose of baclofen is adjustable, a wide range of spasticity can be treated, regardless of its background pathology (encephalitis, hypoxic encephalopathy, traumatic brain damage, etc.). Dystonic children with severe spasticity would be expected to receive the most benefit from the treatment, but may be resistant to the standard ITB infusion treatment.^[@B78]^ BTX injection is less invasive compared with FPR and ITB infusion treatment. It can be practiced at outpatient clinics and is considered as the first choice of treatment for children with mild spasticity. It is also applied in combination with FPR or ITB infusion treatment for residual spasticity.

FPR is best indicated for spasticity of cerebral palsy origin. ITB is selected for children with severe spasticity, especially those with dystonia. BTX can be indicated for the initial treatment of mild-to-moderate spasticity or residual spasticity after FPR or ITB. The second step of treatment is composed of rehabilitation and orthopedic surgery. Thanks to the introduction of new treatments, functional improvement can be pursued after the reduction of spasticity.

The classification of the goal of treatment as a reduction of spasticity or functional improvement makes the treatment strategy easier.^[@B5],[@B6]^ Cooperation among the various specialists including neurosurgeons, orthopedic surgeons, pediatric neurologists, physical therapists, and technicians for the intraoperative neurophysiology, is indispensable for the successful treatment of childhood spasticity. It is especially important in Japan where misunderstanding of the newly emerging surgical procedure still hampers to disseminate them for disabled children with spasticity. A comprehensive team approach to treat the spasticity will enhance the outcomes of each treatment, which will benefit the children with spasticity in the future.^[@B8]^

![FPR. a: Position of the patient. A physical therapist simulates the intraoperative position to detect muscle contraction before the preparation of the patient. b: Osteoplastic laminotomy. The lamina flap is flipped to the rostral side. c: Laminoplasty after FPR. The L1--L5 laminae are placed back at their original positions. *Right*: Surgical procedures for FPR. Among 181 FPR cases, Fasano's original procedure was performed in 1 case, the standard Peacock's procedure was performed in 138 cases, and the modified Peacock's procedure was performed in 42 cases. FPR: functional posterior rhizotomy.](nmc-55-624-g1){#F1}

![Functional posterior rhizotomy: The surgical procedures are as follows: a: A spinal posterior root is separated from the anterior root. Note the different color and caliber of each root. b: A posterior root is divided into several rootlets. c: Electrical stimulation of the rootlet. The stimulated rootlet is tentatively wrapped with a rubber sheet. d: When muscle contraction is judged to be highly abnormal after testing all rootlets, the rootlet is coagulated. e: The rootlet is cut. f: The surgical view of the lesioned posterior root.](nmc-55-624-g2){#F2}

![Relationship of the nerve root with the spinal arachnoid membrane. The spinal anterior root was located on the ventral side of the posterior root. Both roots were connected loosely by fibrous tissue at the mid-portion of the cauda equina. The fibrous connection became thicker and tighter as it approached the root exit/entrance zone. A thick arachnoid membrane had developed between the roots, and between the root and dura. Sharp dissection of the arachnoid membrane at this region was necessary to obtain mobility of the root. A: spinal anterior root, AM: arachnoid membrane, P: spinal posterior root.](nmc-55-624-g3){#F3}

![The posterior root/rootlet stimulation. *Upper*: A photograph showing the electrical stimulation of the left S1 posterior rootlet. *Middle*: The parameters for the posterior root/rootlet stimulation are shown. *Lower*: EMG responses of the root/rootlet stimulation. a: Left L4 root stimulation with 1.0 mA. Tiny responses were recorded from the tibialis anterior muscle, and it was judged to be normal. The root was not divided for cutting. b: Left L5 root stimulation with 0.4 mA. A robust, but fluctuating, response was recorded from the gastrocnemius muscle. Sustained, but not restricted, responses were recorded from the hamstrings and tibialis anterior muscles. Small responses were also recorded from the quadriceps femoris and adductors muscles, which are not innervated by the L5 root. The response was judged to be highly abnormal, and the root was further divided into rootlets. c: A left L5 rootlet stimulation with 0.4 mA. Nearly the same responses were recorded as noted above. The rootlet was judged to be highly abnormal and was cut. Add: adductors, Gas: gastrocnemius, Ham: hamstrings, Quad: quadriceps femoris, TA: tibialis anterior.](nmc-55-624-g4){#F4}

![Pudendal mapping. *Upper*: A photograph showing the recording of the pudendal afferent potential using a hand-held bipolar probe. *Middle*: Parameters for pudendal mapping are shown. *Lower*: The results of the pudendal mapping demonstrated that the highest compound afferent action potential was at the left S2, followed by the right S2. The bilateral S3--S5 nerve bundles demonstrated a pudendal response smaller than that of S2. Tiny potentials were recorded from the right S1, which could be ignored and sacrificed without urinary complications.](nmc-55-624-g5){#F5}

![Root cutting during functional posterior rhizotomy. Three representative cases are shown. The cutting rate of each segmental posterior root is shown. The average cutting rate, pre- and postoperative Ashworth scale, and Gross Motor Function Measurement (GMFM) score are shown below in the figure.](nmc-55-624-g6){#F6}

![Pudendal mapping of S1 rootlets. The S1 rootlets can be subjected to pudendal mapping in an unusual situation. *Left*: Pudendal mapping in this 4-year-old male showed relatively high action potentials (*dotted circle*) from the left S1 root, which needed to be cut to reduce spasticity, but preservation of the urinary function had to be considered. *Center and right*: The root was divided into four rootlets. Pudendal mapping and electrical stimulation were carried out for each rootlet. Rootlet S1-a showed high pudendal action potentials, but normal muscle responses, and was thus preserved. Rootlet S1-b showed small action potentials with normal muscle responses, and was preserved. Rootlets S1-c and d demonstrated highly abnormal muscle responses with small pudendal action potentials, and these were cut. The patient had no urological complications after surgery, and gained excellent control of his spasticity at the ankle joint. O: preserved rootlet, X: lesioned rootlet. (Modified from reference [@B6], with permission.)](nmc-55-624-g7){#F7}

![Children who underwent functional posterior rhizotomy. *Upper*: Number of children who underwent the procedure, classified based on their handicap. *Lower left*: Annual number of surgeries. The number decreased in the late 2010s with ITB infusion therapy, then BTX injection therapy was introduced in Japan. The number of surgeries has been slowly increasing again. *Lower right*: Age distribution of patients.](nmc-55-624-g8){#F8}

![Chronological changes in the Ashworth scale and GMFM. Spasticity, represented by the Ashworth scale, decreased immediately after surgery and remained stable with some fluctuation. The GMFM score was reduced temporarily after surgery in group 1 and 2 (those walking with or without a device) children because of the reduced spasticity, but improved 3 months after surgery and thereafter. The GMFM score increased gradually over time in group 3 (those who could stand with or without support) children, and it remains unchanged in group 4 and 5 (bedridden, total care) children whose goal of surgery was pain relief and a reduced burden for caregivers. GMFM: Gross Motor Function Measurement. (Modified from reference [@B6], with permission.)](nmc-55-624-g9){#F9}

![ITB pump implantation. *Upper*: Position of the child is shown. The pump is placed in the right abdominal wall so that the wound and the pump can be placed away from the gastrostomy port (*arrow*). *Lower left:* An intraoperative photograph of the insertion of a spinal catheter under fluorescent guidance. *Lower right:* A postoperative three-dimensional reconstructed computed tomography image demonstrating an ITB unit from the pump to the spinal catheter. 1: Back skin incision, 2: abdominal skin incision, 3: connector, 4: ITB pump, ITB: intrathecal baclofen.](nmc-55-624-g10){#F10}

![Insertion of a spinal catheter. *Upper*: A back skin incision and the subfascial placement of a catheter connector is shown. Note that the skin and fascial incisions were made at different planes, and the lumbar puncture (LP) was carried out using para-median technique. Because the connector is placed in the subfascial space, the direction of the catheter becomes straight, and there is no need to fix it on the soft tissue. *Lower*: 1. Para-median lumbar puncture. 2. The spinal catheter is fixed on the muscle using a butterfly-shaped device. 3. The spinal catheter is passed in the subfascial space and is conneted to the abdominal catheter using a connector. The fascia is re-sutured to cover the butterfly device. 4. When laminectmy is necessary to insert a spinal catheter (*arrows*), the catheter is passed through the paravertebral muscle, not through the incision for laminectomy.](nmc-55-624-g11){#F11}

![Direct insertion of a spinal catheter by laminectomy. In cases with severe spinal deformity in which the percutaneous insertion of a spinal catheter is impossible, direct insertion by laminectomy is generally selected. *Left*: A spinal catheter (*arrowheads*) under fluorescent monitoring during the surgery. *Center*: A 3D reconstructed postoperative CT scan showed the catheter (*arrowheads*) in the spinal canal. *Right*: A coronal CT scan showing the spinal catheter inserted through a laminectomy (*small arrow*) in the deformed spine and the catheter tip (*long arrow*) at the thoracic level. CT: computed tomography, 3D: three-dimensional.](nmc-55-624-g12){#F12}

![Placement of a baclofen pump. *Left*: The subcostal skin incision and fascial incision should be placed in different planes. The ITB abdominal catheter runs in the subfascial layer without crossing either incision. *Center*: Subfascial placement of the ITB pump. *Right*: Closure of the fascial layer. ITB: intrathecal baclofen.](nmc-55-624-g13){#F13}

![Impact of ITB treatment for reducing spasticity. A test injection of baclofen followed by ITB treatment showed a stable reduction of the spasticity, as measured by the Ashworth scale, with statistical significance (\*: P \< 0.05) for both the upper and lower extremities (modified from reference [@B7], with permission). ITB: intrathecal baclofen.](nmc-55-624-g14){#F14}

![The strategy and techniques used for the treatment of spasticity in children. The first step of treatment is to control spasticity. After reduction of the spasticity, the second step for a pre-existing handicap is intended to gain functional improvement. FPR, ITB, and BTX are the treatment options used in the first step. Orthopedic surgery and neuro-rehabilitation comprise the treatment options in the second step. Treatment with a single method or a combination of methods is selected on an individual basis, after considering the degree and type of spasticity. BTX: botulinum toxin injection, FPR: functional posterior rhizotomy, ITB: intrathecal baclofen infusion.](nmc-55-624-g15){#F15}

###### 

A comparison of the treatments for spasticity

                 FPR           ITB                  BTX
  -------------- ------------- -------------------- ------------------
  Pathology      CP origin     Any origin           Any origin
  Dystonia       \+            +++                  \+ ∼ ++
  Distribution   Diffuse       Diffuse              Focal
  GMFCS          Level 1 ∼ 5   Level 4 ∼ 5          Level 1 ∼ 3 (∼5)
  Age            2.5 y.o. ∼    3 y.o. ∼ (15 kg ∼)   (2 y.o. ∼)

BTX: botulinum toxin, CP: cerebral palsy, FPR: functional posterior rhizotomy, GMFCS: Gross Motor Function Classification Scale, ITB: intrathecal baclofen, y.o.: years old.
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